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Persons with spinal cord injury (SCI) have limited opportunity and ability for improving aerobic capacity compared with able-bodied persons. As reviewed by Phillips et al., 1 this is mainly because of lack of muscle mass, impaired sympathetic function, and a sedentary lifestyle. Persons with SCI are therefore more susceptible to inactivity-related diseases, such as obesity, cardiovascular disease (CVD), and diabetes type 2. 2 Particularly susceptible are persons with high-level SCI (above T6), in which sympathetic control is impaired. 1 Sympathetic nervous function is important for cardiovascular regulation during exercise, and impairment here lowers the cardiovascular response as seen in able-bodied persons. 3 Maximal aerobic capacity (peak oxygen consumption [V O 2max/peak ]) has been found to be a strong predictor of mortality in both healthy individuals and patients with CVD. 3 And present physical activity level is important for preserving cardiovascular health. 4 High-intensity interval training in able-bodied persons has shown superior effects compared with moderate-intensity training for increasing V O 2peak and peak stroke volume (SV). 5, 6 For SCI, high-intensity ACE has been found more effective compared with moderate-intensity ACE in terms of improving V O 2peak and insulin sensitivity. 7 Furthermore, acute comparisons of simultaneous arm and functional electrical stimulation (FES) leg cycling (hybrid exercise), arm cycling (ACE) alone and FES cycling alone, demonstrate that the hybrid mode is most effective for increasing V O 2peak and SV. 8Y10 At present, four studies have measured the effect of hybrid training, and they found improvements in V O 2peak ranging from 11% to 22%. 11Y14 In these studies, FES cycling time was the main focus and not the intensity per se. Furthermore, it has not been determined whether hybrid training is sufficient to provide a training effect on SV. 1 Persons with SCI are demand limited through a reduced muscle mass and autonomic dysfunction. Persons with injuries above the T6 level have a significantly lower resting SV and higher resting heart rate (HR) than able-bodied persons do. 8 The significant increase in HR is thought to compensate for the lower SV imposed by the circulatory deficiency in SCI. 14 Furthermore, because of lower cardiac filling after vasomotor paralysis, tetraplegics have varying degrees of cardiac atrophy, indicated by loss of left ventricular mass. 3 Therefore, measuring an increase in SV relative to exercise intensity would be important in those with high paraplegia and tetraplegia because they are the ones with the most impaired ventricular responses to exercise. An effect on SV should therefore be a strong predictor of outcomes in high-level SCI, as is found in patients with heart failure. 15 Therefore, the present study's primary objective was to measure the effect of high-intensity interval hybrid exercise training on peak SV and peak oxygen uptake during hybrid testing, ACE, and FES cycling in SCI. The secondary aim was to assess the feasibility of high-intensity interval training in the hybrid mode. We thereby hypothesized that compared with a 7-wk control period of regular daily activity, 8 wks of hybrid training three times a week will significantly increase peak SV and V O 2peak during hybrid testing, ACE, and FES cycling. Furthermore, we hypothesized that this mode and intensity are feasible for this group with SCI.
METHODS

Study Design and Population
A baseline control trial with six male SCI individuals was performed. The study consisted of a 7-wk control period of regular everyday activity followed by an 8-wk aerobic high-intensity interval training intervention. Peak tests were performed at three different time points: 1, baseline; 2, control; and 3, post-training. Peak testing consisted of four different test protocols carried out on three separate days with 1 day of rest between: on day 1 (D1), separate V O 2peak tests for arm and FES cycling; on day 2 (D2), V O 2peak test during hybrid cycling; and on day 3 (D3), peak cardiac output (Q) and peak SV during hybrid cycling were performed.
Participants were recruited from the Department of Spinal Cord Injuries at St Olav's University Hospital. Attendance was on an outpatient basis. The study was approved by the regional ethical committee for medical research, and participants gave written informed consent before inclusion. Before inclusion, a medical assessment consisting of neurologic classification, assessment of signs and symptoms of present CVD according to the recommendations by the American College of Sports Medicine, and screening according to inclusion and exclusion criteria were performed. Inclusion criteria were having spastic paraplegia or tetraplegia and being 18 yrs or older. Exclusion criteria were having a pacemaker, cancer, severe autonomic dysreflexia, and pressure ulcers in the area of stimulation. Five of the subjects were classified as paraplegic ASIA Impairment Scale grade A and one subject was tetraplegic ASIA Impairment Scale grade A. None had been involved in an aerobic training program before the study, and participants had no experience with FES. Height was self-reported. Body mass was obtained using a calibrated SECA digital scale, designed for seated weighing. Individual characteristics are listed in Table 1 . We certify that all applicable institutional regulations concerning the ethical use of human volunteers were followed during the course of the research.
Determination Criteria for V O 2peak
During ACE and Hybrid Cycling and Peak SV During Hybrid Cycling V O 2peak tests during ACE and hybrid cycling were terminated at volitional fatigue. To determine that an ACE and hybrid cycling V O 2peak was reached, the following criteria had to be met: respiratory exchange ratio (RER) of 1.05 or higher, a concentration of lactate in blood ([La j ] b ) of 7 mmol/liter or greater, and a subjective rating of perceived exertion (RPE) with a BORG scale score of 15 or higher. If these criteria were met, then the average of the three highest oxygen uptake measurements within 30 secs was calculated as V O 2peak . Peak SV was determined by bringing the individuals up to 80% of the separate peak ACE workload and peak FES cycling workload measured on D1.
Test Protocols
All testing and training started with a 5-min warm-up period.
V O 2peak During FES Cycling (D1)
The FES ergometer was set to maintain 50 rounds per minute, and a round per minute below 35 was set as FES cycling fatigue, in which stimulation was stopped. The participants FES cycled for 1 min against no resistance on the flywheel. Resistance was then increased by 1Y3 W (if possible) in 1-min increments until participants were no longer able to maintain a cycling cadence of 35 rounds per minute at maximum stimulation.
V O 2peak During Arm Cycling (D1)
One hour after the FES cycling test, peak ACE was conducted. ACE workload was increased 10Y20 W per minute until volitional fatigue was reached.
V O 2peak During Hybrid Cycling (D2)
Workload during ACE was increased by 10Y 20 W and workload for FES cycling was increased by 0Y3 W. Load was added in 1-min increments until volitional fatigue was reached. FES cycling started out at individual times, based on the results from the peak FES cycling test on D1, to reach fatigue at approximately the same time for both legs and arms. All participants received a minimum of 2 mins of FES. If FES legs started to fatigue before the arms, the subjects were assisted manually during FES leg cycling to ensure stimulation current throughout the whole test.
SV During Hybrid Cycling (D3)
Q and SV were measured during hybrid cycling. The testing procedure started out with an oral instruction of the single-breath acetylene uptake as well as a practical training bout during rest. FES cycling was added at individual times based on performance from D1. Eighty percent of peak workload was determined from the workload for legs and arms separately. When the participants reached 80% of peak workload, they maintained this intensity for 1 min before they were instructed to start the breathing cycle. The procedure started with a total exhalation followed by a maximal inspiration of a gaseous mixture of 0.3% carbon monoxide (CO), 0.3% methane (CH 4 ), 0.3% acetylene (C 2 H 2 ), 21% oxygen (O 2 ), and 80% nitrogen (N 2 ), ending the breathing cycle by one continuous expiration phase. HR was recorded simultaneously with the breathing technique and was used for the calculation of peak Q and SV. 
Training Protocol
The participants were scheduled to three supervised training sessions per week for 8 wks. A session started with a 5-min warm-up on the ACE ergometer and a 2-min manually assisted warm-up on the FES ergometer. Hybrid cycling interval training intensity was set at 85%Y90% of the controltest peak workload from ACE for the arms, and intensity during FES cycling was set to maintain stimulation intensity at approximately 80% of the default current of 140 mA. If participants were not able to FES cycle throughout the 4 mins, they were manually assisted by the instructor until the end of the interval to achieve stimulation throughout the whole interval. Between the intervals, a 3-min active break at approximately 70% of peak ACE workload was performed. To achieve training progression, arm workload was increased approximately 2Y3 W per week. FES cycling workload during the intervals was increased so that the display on the ergometer showed stimulation at approximately 80% of the default 140 mA. During the active breaks, the FES ergometer was stopped and manually assisted cycling rotations were performed. The FES ergometer was restarted for the next 4-min interval. As FES cycling time until fatigue increased, all but one of the participants FES cycled during the active breaks.
Apparatus
Measurements of ventilatory parameters and pulmonary gas exchange were accomplished using the portable MetamaxII Cortex ergospirometry system (Cortex Biophysik GmbH, Germany). The ventilation volume transducer is a digital Triple-V turbine that measures a volume range of 0.01Y14.0 liters/sec, with an accuracy of 1.5%. During testing, the individuals wore a face mask with a head cap assembly. The volume transducer was connected to the face mask, together with a tube that collects samples of the gas concentration in the mask every 10 secs. Before all tests, calibration was performed with a 3-liter standardized calibration syringe (Hans Rudolph Jäger GmbH, Germany).
For measurement of Q and calculation of SV, the Sensor Medics Vmax Spectra 229 version 10.1 (Bilthoven, The Netherlands) acetylene breathing method was used. This method uses single-breath acetylene. Single-breath acetylene has been validated with the indirect Fick CO 2 j rebreathing method and compared with open-circuit acetylene uptake. 16 Both techniques were found valid and reliable for measuring Q. Repeated measures of Q were made using the single-breath acetylene at rest, at 100 W, and at 200 W. There were no significant differences between repeated measures for this technique at any workload. The standard error of measurement was 8.5% at rest and 3.2% at 200 W. The absolute standard error was similar at all levels of intensity, ranging from 0.47 to 0.56 liters/min. The coefficient of variation was 7.6% at 200 W. 16 For arm and leg cycling, the ERGOMED 840L (Siemens, Germany), modified for arm use, and the ERGYS 2 Rehabilitation system (Therapeutic Alliances Inc., Ohio, United Sates) were used, respectively. Resistance during FES cycling was set in the manual mode. Frequency was set at 40 Hz. Selfadhesive electrodes were placed over the motor points for the quadriceps, hamstrings, and the gluteus muscles.
[La j ] b levels were measured from a capillary sample in the subjects' fingertip (hemolyzed blood) using the portable Lactate Pro LT-1710 Analyzer (Arkray Factory Inc, KDK Corp, Japan). This instrument has been approved by the Food and Drug Administration (FDA) and has a coefficient of variation of 3%. Measurements were made within 1 min after all endurance capacity tests, except after the SV and FES leg cycling protocol. Subjective rating of perceived exertion (BORG 6Y20) 17 was measured at the termination of the V O 2peak tests. HR was measured every minute during all four tests by shortrange radiotelemetry with Polar accurex watches (Polar Electro, Oy, Finland). Peak HR was determined as the highest HR measured at the end of all peak tests.
Data Analysis
To determine the effect of 8 wks of hybrid highintensity exercise training between baseline and control periods and between control and post-training periods, the paired Student's t test (two tailed) was used. P e 0.05 was considered statistically significant. All results are presented as mean (SD).
RESULTS
No significant differences in body mass between the control and post-training periods were found, from 79.3 (10.8) to 79.2 (10) kg, respectively. The participants' compliance to training was 100%. Two persons exacerbated a latent shoulder dysfunction during training but commenced shortly after a period of rest and therapy.
Between the control and post-training SV tests, SV and Q at 80% of peak workload during the hybrid mode increased by 33%, from 77.7 (9.9) to 103.4 (17.1) ml/beat, and by 27.7%, from 12.4 (1.98) to 15.83 (2.82) liter/min, respectively. Furthermore, a significant decrease of 7.1% in SV was detected after the control period ( Table 2) .
Between the control and post-training tests, hybrid V O 2peak increased significantly by 25.3%, from 1.92 (0.35) to 2.43 (0.52) liters/min (P = 0.002), along with a 25.8% (P = 0.031) increase in peak total pulmonary ventilation (V E ) . No change was observed in peak values for RER, [La j ] b , HR, and BORG (Table 3) .
V O 2peak during ACE between the control and post-training tests increased significantly by 25.9% (P = 0.031), from 1.60 (0.47) to 2.00 (0.52) liters/ min, along with a 29% increase (P = 0.006) in V E peak, from 60 (23.4) to 72.7 (28.4) liters/min, and a 25% increase in peak arm workload (P = 0.001), from 97 (28) to 118 (34) W. No significant changes between the control and post-training tests were detected for HR peak , RER, and [La j ] b (Table 4 ). Between the baseline and control ACE tests, a significant increase of 9.7% (P = 0.05) in V O 2peak , from 1.48 (0.44) to 1.60 (0.47) liters/min; a 1.7% increase in HR peak , from 166 (26) to 170 (26) beats; and a 21% (P = 0.012) increase in V E during ACE (P = 0.031) were found (Table 4 ).
V O 2peak during FES cycling between the control and post-training tests increased by 25.8%, from 0.62 (0.12) to 0.78 (0.14) liters/min (P = 0.003), along with an increase in peak workload from 3 (3) to 13 (5) W (P = 0.001). At the posttraining tests, no significant changes in V E , RER, [La j ] b , HR peak , and BORG were found ( Table 5 ).
DISCUSSION
The novel finding in this study is that 8 wks of high-intensity interval hybrid training three times per week resulted in a central cardiovascular training effect reflected by an increase in peak SV and Q measured at 80% of peak workload during hybrid cycling by 36.4%, from 78 (24) to 106 (46.69) ml/beat, and by 31%, from 12.90 (5.75) to 16.90 (7.60) liters/min, respectively. Q is determined by SV and HR peak , and because HR peak did not change with training, the changes in Q are a result of the changes in SV. SV was measured at 80% of peak workload from the arms and legs separately. Peak Data are presented as mean (SD). V O 2peak indicates peak oxygen consumption; V E , total pulmonary ventilation; [La j ] b , concentration of lactate in blood; RER, respiratory exchange ratio; HR peak , peak heart rate. a Significant increase from control to post-training (P G 0.05).
workload at control and post-training SV testing was based on the control and post-training test peak workloads, respectively. Although workload and V O 2 were higher at the post-training tests compared with the control tests, the absolute workload and V O 2 were the same. This is shown by an insignificant difference in HR peak and RER. The increase of 28 ml/ beat in peak SV in the present study is similar with the findings from high-intensity training studies with cardiac patients and healthy individuals. 5, 18, 19 This finding is important for improving cardiopulmonary health in SCI because ACE alone is found insufficient to increase central aspects of cardiovascular adaptations. 1 However, the mechanisms behind the increase in peak SV after training in the present study were not measured. Ferguson et al. 20 found that in able-bodied individuals, young, endurance-trained persons have a larger SV than moderately active persons because of a higher diastolic filling rate and left ventricular emptying rate. Future research is, however, needed to explore the mechanisms behind the increased SV after training for persons with SCI and whether a training effect on SV also is found after moderate-intensity and ACE training alone. V O 2peak during FES hybrid cycling increased from 24.6 (3.9) to 30.6 (5.2) ml kg j1 min j1 between the control and post-training tests (Fig. 1) . The calculated effect size in the present study is 0.9 and is large compared with those of the studies by Mutton et al. 11 and Wheeler et al. 12 They reported effect sizes of 0.45 and 0.54, respectively. These discrepancies might depend on methodologic differences such as exercise intensity, lack of heterogeneity between the groups, and different equipment used. Among the hybrid training studies conducted, only Heesterbeek et al. 13 and Wheeler et al. 12 reported on training intensity. They used training intensities at 60%Y70% of their estimated V O 2peak and 70%Y75% of peak power, respectively. Thus, training was performed at a lower relative intensity, which might explain the higher training response found in the present study. Furthermore, from the control to the post-training hybrid tests in the present study, an increase in ACE workload by 15 W after 8 wks was found, in line with the increase in peak SV and Data are presented as mean (SD). V O 2peak indicates peak oxygen consumption; V E , total pulmonary ventilation; [La j ] b , concentration of lactate in blood; RER, respiratory exchange ratio; HR peak , peak heart rate. a Significant increase from baseline to control (P G 0.05). b Significant increase from control to post-training (P G 0.05). Data are presented as mean (SD). V O 2peak indicates peak oxygen consumption; V E , total pulmonary ventilation; [La j ] b , concentration of lactate in blood; RER, respiratory exchange ratio; HR peak , peak heart rate. a Significant increase from control to post-training (P G 0.05).
V O 2peak . V O 2peak is the primary determinant of aerobic performance and is a link between health and CVD and mortality. 21 In the studies by Rognmo et al., 6 Helgerud et al., 5 and Wisloff et al., 18 they found high-intensity interval training to be twice as effective for improving V O 2peak and SV as longer duration moderate-intensity training in patients with CVD and in trained able-bodied young men. Therefore, it seems that up to the level of maximal aerobic capacity, training intensity determines the training response; thus, intensity and duration of training are not interchangeable. This is also found for SCI in a study by de Groot et al., 7 who found high-intensity ACE superior to moderate-intensity ACE in terms of increased V O 2peak and insulin sensitivity. In addition, the increase of 0.31 ml kg j1 min j1 in V O 2peak per session during hybrid cycling in the present study is comparable with the findings of other high-intensity interval training studies. 6, 18 Adding the findings by Myers et al., 21 where an improvement of 1 metabolic equivalent (the equivalent of 3.5 ml kg j1 min j1 O 2 ) gave a mortality risk reduction of 12%, the 5 ml kg j1 min j1 O 2 (almost 2 metabolic equivalents) improvement from this short training intervention is clinically important and should be considered when designing future cardiovascular prevention programs for individuals with SCI. In this group with SCI, we tested and trained two individuals with lesion level above T6 and four individuals with lesion level below T6. A qualitative assessment of each individual's effect from the control to the post-training during the hybrid testing revealed that the tetraplegic subject did not improve his V O 2peak. Although a training effect in the tetraplegic individual was not seen as with the other participants, simply adding FES during ACE facilitated training at a V O 2 nearly 9 ml kg j1 min j1 higher than during ACE alone. For the remaining five persons, the addition of FES to ACE facilitated training at an approximately 5 ml kg j1 min j1 higher oxygen uptake compared with ACE alone. Thus, in this context, it is highly relevant and worthwhile for the participants in this study to add FES cycling to ACE even when given the added expense of FES. V O 2peak during ACE increased significantly from 1.6 to 2.0 liters/min (25%) from the control to the post-training hybrid training (Fig. 1) . This is in contrast to Mutton et al., 11 where no change in the physiologic parameters during ACE was found. The inconsistency between these findings may be related to the prescribed training intensity (85%Y90% of peak workload) in the present study, which was kept throughout the training intervention following the principles of progressive overload. This was, on the other hand, not done in the Mutton et al. study, in which only exercise duration was set. From the baseline to the control period during ACE tests, ACE V O 2peak , HR peak , and V E improved by 9.7%, 1.7%, and 21%, respectively. This might be a result of individuals being more familiar with the test protocol at the control testing, enabling them to reach a higher V O 2peak. RER, [La j ] b , and BORG scale scores were not different between peak tests; thus, a similar level of fatigue was reached. The fact that familiarity might have improved performance between baseline and control ACE tests, and not in the hybrid test, may be a result of the more complex test method for hybrid testing, in which leg involvement will not improve from learning.
V O 2peak during FES cycling increased from 0.60 to 0.78 liters/min between the control-and post-training tests (Fig. 1 ). This is in line with the V O 2peak value reported in the study by Krauss et al. 14 but lower than the peak values found by others. 22, 23 For the same period, the increase in FES cycling peak workload went from 3 to 13 W in this study. The modest increase in V O 2 during FES cycling is www.ajpmr.com small in relation to V O 2 during ACE alone; therefore, for the persons with paraplegia and low tetraplegia in the present study, training by the means of FES cycling alone, considering the higher resource demands, seems not worthwhile.
Future studies are needed to investigate the mechanisms behind the cardiovascular adaptations related to hybrid exercise, to find the predictive value of V O 2peak and SV in the SCI population, and to compare high-and moderate-intensity training.
Aerobic high-intensity training intervals through hybrid exercise gave this group with SCI a total body workout, resulting in a significantly increased central aerobic capacity shown by peak SV and V O 2peak . This, in addition to the fact that all participants completed their training sessions 100%, indicates the feasibility of this form of training. However, despite the numerous beneficial effects from hybrid training, less resource-demanding modes in terms of cost and time spent should be established for improved accessibility for the SCI population.
